Abstract -The use of high power electronics in the large scale integration of wind power in the transmission and distribution systems can affect the system inertia response and the ability to recover frequency stability after large disturbances. Different approaches have been presented to show the system dynamic behaviour, and to quantify the wind power impact on the system inertial and frequency response. This paper gives a short overview of studies performed regarding the system inertia issues under high penetrations of wind power. Also, it presents the results of a case study to show how the system inertia can be affected by high penetrations of wind power.
I. INTRODUCTION
Recent investments and initiatives around the world have been promoting the application of Renewable Energy Sources (RES) to reduce the pollutant carbon dioxide emissions and the global warming. In particular, wind power has been sponsored widely contributing to the energy pool with a growing generation proportion capacity installed around the world [1] , and substituting central power plants by large offshore wind farms [2] . As a result of the increasing use of RES, some operational challenges must be kept in mind in order to not affect the system stability. One of these challenges is the analysis and advances of grid rules or technical code requirements regarding the improvement of dynamic support to the grid, and an adequate frequency response provision [3] .
This current change in the power system requires different planning and operation strategies in order to provide enough technical and regulatory policies to do not diminish or affect the growing power demands [4] - [5] .
Several emerging grid connection codes have included many technical conditions and requirements looking for a suitable integration of wind power, allowing feed the increasing demand and making compatible with the frequency margins and protection systems available of the grid [6] .
The frequency control in a power system after a large disturbance is performed in different stages and time frames. The first stage is due to an inherent action named inertial frequency response which takes energy from the rotating masses to oppose a frequency deviation from the scheduled frequency. _____________ In the next stage the automatic governing systems will be activated to keep the frequency deviation at an acceptable level (primary control). Then, the secondary control is performed to restore the used reserves, and the system frequency to its scheduled value.
The large scale penetration and integration of variable speed wind energy has a significant impact on the system inertia. This is due to use of power electronic converters [7] , for instance back-to-back Voltage Source Converters (VSC), isolating the wind turbines from the power system and making them insensitive to any change in the system frequency and consequently unable to provide any inertial response [8] - [10] . Furthermore, to get the maximum power from wind power plants Maximum Power Point Tracking (MPPT) algorithm is used, so that wind turbines can hardly contribute to the frequency control [11] - [12] .
The North American Electric Reliability Corporation (NERC) in [13] , has reported the declining of the frequency response and inertia due to the inverter interfaced generation, and has proposed the use of the synthetic inertia as a potential solution to it. The so called synthetic inertia is a local automatic controller included in wind turbines with a time frame of some seconds.
The European Wind Energy Association (EWEA) in [14] , suggests the establishment of a systematic system planning to integrate wind power, and promotes to understand the dynamic interaction of the system and wind power.
Hydro-Québec TransÉnergie (HQT) has exposed the need for frequency support by wind power in [15] , and proposes a method for synthetic inertia in order to maintain the actual system performance.
Electric Reliability Council of Texas (ERCOT) transmission studies have evidenced a reduction in dynamic frequency response on the conventional generation due to the increasing wind power generation during the last five years [16] . Their analysis has shown that the replacement of the conventional generation (synchronous generators) by high wind generation in service resulted in less system inertia in the system [17] .
Another report, [18] , has studied the frequency response in California and the impact of the current projections of high integration of wind power on the system. It proposes different performance metric factors to measure the frequency performance by wind turbines, some of which are used in this paper. A more detailed discussion regarding the inertial frequency response and the impact of wind farms on the system frequency response can be found in [19] - [23] .
In conventional generation the primary and secondary control reserves have to be enough to tolerate the loss of any single component and recover the margins stability, however with the inclusion of wind power, the margins of frequency deviation can be out of the acceptable region provoking failures in the generators tripping limits [11] . An appropriate response from the primary and secondary controllers can fulfil the frequency margins and assure a correct compensation of the frequency deviation in the system [24] - [25] .
Although application of power electronics (such as VSCs) and their corresponding controllers to integration of wind power in the system are the main reason why wind power turbines are unable to contribute to the system inertial frequency response, VSCs enable however the wind turbines to capture the wind power at different speeds and permit very flexible control of active and reactive power in cases of normal and disturbed grid conditions [26] . The incorporation of VSC control loops to regulate and manage the active and reactive power to improve system stability has been reported in [27] - [29] , and a coordination strategy to transfer power from wind power to different connecting points in order to enhance the system operation has been discussed in [30] - [31] .
In Multi Terminal High Voltage Direct Current (MT-HVDC) system to which wind farms are connected, frequency coordination control plays a key role to manage the power sharing in the converters [32] . In [33] a coordination method to improve the inertial response and primary frequency, applying synthetic inertia has been presented. This paper is structured as follows: In Section II an overview of inertia concept is given. Sections III presents some case studies regarding the impact of wind power on the system frequency of a test system. Finally, the conclusions and future work of this research are given in Section IV and Section V.
II. SYSTEM DYNAMIC RESPONSE
As it was stated previously, the frequency control in a power system after a large disturbance is performed in different stages and time frames, namely inertia frequency, primary control and secondary control.
In this section the inertial response and primary control are discussed. .
A. Inertial Response
Inertial response is inherent in the system due to rotating mass of machines synchronously connected providing counter response within seconds to oppose the frequency deviation following a loss of generation [17] , [34] .
In a synchronous system, in case of losing a generating unit, the frequency drops because of the imbalance between generation and load. This is reflected in the power system instantaneously. During the first period, the inertial response of the spinning machines in the entire system, reacts releasing or storing kinetic energy tending to reduce the frequency deviation [35] - [36] . System inertia is defined as the total amount of kinetic energy stored in all rotating masses.
The inertial constant of an individual generator can be interpreted as the time that generator can provide full output power from its own stored kinetic energy, taking values between 2 to 9 seconds. It is defined by 2 0 1 2
where, J i is the total moment of inertia, S i is the rated power of generator i, ω 0 =2πf 0 and f 0 is the nominal frequency (Hz).
The total amount of the stored kinetic energy in the system is the sum of the kinetic energy of all single machines:
Then the dynamic of the system frequency in the Centre of Inertia (COI) reference frame is given by:
where, SH is the total stored kinetic energy (Ws) df/dt is the rate of change of frequency (Hz/s) ΔP is the power change (W)
Thus, the system inertial response can be determined by
B. Frequency Response
Beyond the inertial response, the frequency is stabilized and then restored to the nominal frequency by the primary (governor action) and secondary controllers, respectively.
Primary control acts as a proportional controller avoiding high frequency deviations; however a steady state error is still remained. The response of this control is given in seconds (<30 s) [37] - [38] .
Secondary control returns the frequency back to its nominal value and also restores the reserves; its deployed time frame is given in minutes [38] . P is the output of a supplementary control to add a synthetic inertial response by the wind turbine. The synthetic inertial response is an efficient way to contribute to the system inertia [39] - [41] . Different control proposals have been used to mimic the inertia; some of them add a derivative term of frequency in the droop control loops equations [33] , [42] . One related proposal uses this signal to enhance the primary frequency control adjusting the power curve reducing frequency changes following disturbances [43] .
C. Synthetic Inertia
One report by NREL, [44] , presents how wind farms can contribute to diminish the frequency deviation imitating the behaviour of the rotational energy response of synchronous generators. It is suggested a correct tuning of recovery droop controllers to avoid frequency extent drops or frequency overtime responses. In the same report it is mentioned that some control improvements can be done applying Wind Inertial Control (WIC) and Wind Frequency Droop (WFD). Reference [45] presents a method called Fast Power Reserve (FPR) based synthetic inertia, which is able to extract the extra power from the rotor up to 10% of actual power.
The incorporation of synthetic inertia has also been studied in the Nordic system in [46] , where wind turbines have been equipped with synthetic inertia supplementary control. Due to the presence of synthetic inertia the minimum frequency raises however the recovery is delayed. The authors suggest to study and develop control algorithms to avoid the delay and analyse the contribution of small wind turbines. Fig. 2 shows the single-line diagram of the Nordic test system presented in [47] . This system contains 32 high voltage buses. The transmission system is designed for 400 kV with some regional systems at 220 kV and 130 kV. The simulation of this test system has been performed by the software SIMPOW ® [48] . Fig. 3 shows the dynamic response of the system frequency after disconnection of generator G4 with 4 850 G P = (MW). In the figure, the frequency nadir (in green), the maximum dynamic frequency deviation (in cyan) and the post-disturbance steady state frequency deviation (in purple) are also indicated. Fig. 4 shows the system frequency response (in blue) and the RoCoF (in green). In the zoom in, it can be seen that after the initial transient process (after approximately two seconds) the frequency falls at an almost constant rate of approximately 0.12 (Hz/s) then the generation involved in the primary control starts to increase its production to compensate the loss, however there is a steady state error remained.
III. CASE STUDIES
In equation (4) In Table I , some relevant metrics for this disturbance (base case) are summarized. Next, the impact of the integration of wind power on the test system frequency response is analysed by replacing some of the synchronous generators with back-to-back converters with the same active and reactive power outputs. Note that the power outputs are fixed through the simulation.
Case 1 to Case 6 represent the replacement of synchronous generation by the integration of wind power through back to back converters gradually, in order to analyse different levels of wind power penetration, for example Case 1 considers the replacement of one generation only, and Case 2 considers the replacement of two generators including the one in Case 1, and so on. These six scenarios are summarised in Table II:   TABLE II. GENERATOR REPLACEMENT FOR EACH CASE   CASE  1  2  3  4  5  6  BUS 1043 4051 4062 4042 1042 4063 GENERATOR G7 G16 G17 G14 G6 G18 Fig. 5 shows the time response of all cases when G4 is tripped. As shown in the figure the more synchronous generators are replaced by wind power turbines the larger dynamical frequency deviation becomes. A large frequency deviation may result in activating the protection systems of important components to be disconnected, and thereby leading to cascading failures in the system. Table III shows the released kinetic energy (based equation (4)) by the remaining synchronous generators, and the ratio of wind power penetration with respect to the total generation for each case. Obviously, the released kinetic energy will decrease with higher wind power penetration. The frequency nadir, RoCoF and the steady state frequency deviation of each case are given in Table IV . The time response of RoCoF is shown in Fig. 6 , where different waveforms and variability can be noticed. This is due to the different wind power penetration levels. 
IV. CONCLUSIONS
An overview of the inertial and frequency response affected by the integration of wind power through back-to-back converters has been presented. The study results of some important reports have been discussed in this paper. In the presented reports, it has been shown that the high penetration of wind power has resulted in less system inertial response, and thereby larger dynamic system frequency deviation. The reports have also presented some methods to increase the system inertial response via a supplementary control known as synthetic inertia control. To get insight in the obtained results in the presented references, and to understand the impact of the high penetration of wind power on the system dynamic response a test system, i.e. the Nordic test system, has been used. As an initial step of this research, the frequency response of the test system when replacing gradually all steam turbines with wind power has been studied. For this study some indexes, such the kinetic energy, RoCoF, the frequency nadir and the steady state frequency deviation, have been introduced. It has been observed that the obtained results have been very much similar to those presented in the references, i.e. the main impact of wind power without synthetic inertia control will be on RoCoF and the frequency nadir.
V. FUTURE WORK
Assuming we have access to the total production at all time the next step is to develop a method to estimate α in equation (5) which depends upon the load frequency and voltage dependency, and also the damping of the generators. Then equation (4) will be used to estimate the synthetic inertial response, and the obtained result will be compared with the actual result from simulation.
The impact of the reduced system inertial response on transient stability, small signal stability and voltage stability will be also studied.
A synthetic inertia control based FPR method will also be developed to deal with different operation levels and guarantying the frequency operation limits. This synthetic inertia should have the ability to increase the minimum frequency extracting the rotor energy and to avoid the delay in the frequency recovery as much as possible. Moreover, it is important to analyse the appropriate feedback signal to design the synthetic inertia control and the linear response of the RoCoF metric.
The addition of supplementary control loops to the power electronic interfaces will require an appropriate coordination method in order follow the wind variability and/or not interfere with other control targets, e.g. active and reactive power control, active power filtering or energy storage.
